The impact of increasing numbers of livestock on wild ungulates has been a concern in Mongolia. We used DNA barcoding via next generation sequencing to reveal detailed food habits and assess the extent of potential resource competition among ungulates in the desert steppe of southern Mongolia. species). Dietary diversity was the highest for sheep (Levins' standardized index = 0.351), followed by goats (0.342), and the lowest for gazelles (0.220). Gazelles had a high dietary overlap with goats (Pianka's index = 0.654) and sheep (0.630). Wild asses had the highest dietary overlap with horses (0.847), followed by goats (0.727) and sheep (0.719). The high dietary overlaps may be explained by similar digestive systems and body sizes among gazelles, sheep, and goats and between wild asses and horses, and by the high dietary diversity of sheep and goats. The present study shows more diverse food compositions than previous studies, suggesting that because of the high dietary diversity of sheep and goats and their overlap with wild species, their increasing number is a potential risk for the survival of wild ungulates.
Mongolia's Gobi-Steppe Ecosystem is the largest area of intact steppe in the world (Batsaikhan et al. 2014) , where traditional nomadic herders and wildlife coexist. Since the economic transformation of 1990, the number of livestock, such as sheep (Ovis aries) and goats (Capra hircus), has been increasing. Overgrazing by livestock has resulted in changes in vegetation structure (Sasaki et al. 2008 ) and land degradation (Hilker et al. 2014) . Therefore, the impact of livestock grazing on native wildlife has been a concern in Mongolia.
The desert steppe in southern Mongolia is an important habitat for multiple ungulate species, such as the Mongolian gazelle (Procapra gutturosa), Asiatic wild ass (or khulan, Equus hemionus), and goitered gazelle (Gazella subgutturosa). These species are known to migrate over long distances (Ito et al. 2013; Imai et al. 2017) , which means that they require vast areas of continuous habitat to survive. These wild ungulates are now faced with the risk of habitat fragmentation by railways and border fences (Ito et al. 2005 (Ito et al. , 2013 Kaczensky et al. 2011 ), but increasing livestock populations and vegetation degradation by overgrazing also are likely to have a negative impact on wild ungulates as a result of enhanced competition for habitat and resources.
A few studies have investigated the patterns of resource use by Mongolian gazelles and livestock in southern Mongolia to infer their competitive relationships using microhistological analyses (Campos-Arceiz et al. 2004; Yoshihara et al. 2008) . However, the food compositions observed were derived from limited categorical data, and fine-scale dietary differences among sympatric ungulates were not detected. Microhistological analysis is labor intensive and requires strong taxonomic skills because it is generally difficult to identify digested plant fragments in feces at low taxonomic levels (Soininen et al. 2009 ). These drawbacks hamper the accrual of accurate knowledge regarding food habits and reliable estimation of dietary overlap among sympatric ungulates.
We used a DNA barcoding approach by means of next generation sequencing. Next generation sequencing generates a large amount of sequence data from samples composed of a mixture of DNA from various species, allowing the simultaneous identification of multiple species (Valentini et al. 2009a) . With this approach, we aimed to reveal the detailed food habits and assess the extent of potential resource competition among sympatric wild and domestic ungulates in the desert steppe of southern Mongolia.
Materials and Methods
Study area.-The study area was located in the desert steppe of southern Mongolia ( Fig. 1; 42°55′-43°32′N , 108°42′-110°13′E) with sparse vegetation, dominated by central Asian desert plants such as Allium spp., Stipa spp., Salsola spp., Caragana spp., Artemisia spp., Nitraria sibirica, Cleistogenes soongorica, and Reaumuria soongorica. The climate is strongly continental and arid, with cold winters (minimum temperatures below −35°C), dry and windy springs, and relatively wet and hot summers (maximum temperatures above 40°C); annual precipitation is about 100 mm (Dorjgotov et al. 2004) . Seminomadic pastoralists live at some of the lowest population densities in the country (0.79 people/km 2 -National Statistical Office of Mongolia 2010). Wild ungulates found in the study area are Mongolian gazelle, Asiatic wild ass, and goitered gazelle, which are listed as Least Concern, Near Threatened, and Vulnerable, respectively, on the IUCN Red List (IUCN 2017). The Mongolian gazelle is distributed in eastern Mongolia and adjacent areas of Russia and northeastern China, and its population size is estimated to be approximately 1,000,000 in Mongolia (IUCN SSC Antelope Specialist Group 2016). The Asiatic wild ass and goitered gazelle are distributed in multiple countries in Central Asia, and a recent study estimated their population sizes in southern Mongolia to be 35,899 and 28,462, respectively (Buuveibaatar et al. 2017) . The Mongolian desert steppe hosts the world's largest populations of these 3 ungulates (IUCN SSC Antelope Specialist Group 2016; Buuveibaatar et al. 2017) . Major livestock in the area are sheep, goats, horses (Equus caballus), and camels (Camelus bactrianus). Cattle (Bos taurus) were rarely observed in the study area (Yoshihara et al. 2008) . Horses and camels graze freely, whereas sheep and goats are herded by herders.
Sampling.-From 19 to 26 June 2014, we searched southern Mongolia for herds of gazelles and wild asses with a 4-wheel drive vehicle and collected feces left behind by the herds we found (Fig. 1) . Around those areas where we collected feces of wild ungulates, we searched for livestock (i.e., sheep, goats, horses, and camels) and collected their feces. We also collected ungulate feces in areas around water points. We assumed 1 pile of feces to be from 1 individual. We did not collect old feces or piles that could not be clearly distinguished from surrounding piles. We collected at least 5 pellets from gazelles, sheep, and goats, and 1-3 pellets from wild asses, horses, and camels. Because we collected only a few feces from goitered gazelles, we did not include this species in our analyses. At every site where we collected ungulate feces, we also collected leaves from plant species to develop a local sequence database, which improves the precision of DNA barcoding (Valentini et al. 2009b) . All samples were collected in plastic bags at ambient temperature and kept in a freezer (−20°C) in a laboratory until DNA extraction.
DNA extraction and species identification.-Fecal DNA was extracted from about 20 mg of feces, obtained from 1-3 pellets, using DNeasy Plant Mini Kit (Qiagen, Tokyo, Japan) following the manufacturer's protocol. We first conducted species identification by sequencing a part of the mitochondrial cytochrome b gene with the primers developed in this study (Table 1) . Polymerase chain reaction (PCR) was performed in a final volume of 20 µl, including 1× AmpliTaq Gold 360 Master Mix (Applied Biosystems, Foster City, California), 0.35 µM of each forward and reverse primer, and 1.0 µl of DNA extract. The reaction conditions were 95°C for 10 min, followed by 40 cycles of 30 s at 95°C, 30 s at 56°C, and 30 s at 72°C, and a final extension for 10 min at 72°C. PCR products were sequenced in the reverse direction using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and an ABI 3130 automatic sequencer (Applied Biosystems).
Sequencing of the P6 loop of the trnL (UAA) intron.-For each of the samples, for which species identification was successful, we amplified the P6 loop of the chloroplast trnL (UAA) intron with primers g and h (Taberlet et al. 2007 ). In accordance with the Ion Amplicon Library Preparation Fusion Method (Life Technologies, Foster City, California; User Guide #4468326), the 5′ end of the forward primer was fused with the A-adaptor, barcode, and barcode adapter, and the 5′ end of the reverse primer was fused with the trP1 adaptor. Barcodes allow the assignment of sequences to the respective samples. PCR was performed in a final volume of 25 µl, including 22 µl of Platinum PCR SuperMix High Fidelity (Invitrogen, Carlsbad, California), 0.4 µM of each modified forward and reverse primer, and 1.0 µl of DNA extract diluted to 100 times. The reaction conditions were 94°C for 2 min followed by 40 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 68°C. The PCR products were purified (Agencourt AMPure XP; Beckman Coulter, Brea, California) and quantified (Qubit dsDNA HS Assay Kit; Invitrogen) and were then mixed together to obtain approximately the same number of molecules per PCR product corresponding to the different fecal samples. The quality and size of the mixed PCR product were assessed with the 2100 Bioanalyzer High Sensitivity DNA kit (Agilent Technologies, Santa Clara, California), and we adjusted the concentration to 6 pM and used it as the template for emulsion PCR. Emulsion PCR was performed on the Ion OneTouch 2 system using the Ion PGM Template OT2 400 kit (Life Technologies), and sequencing was performed on the Ion Torrent PGM system using the Ion Torrent 318 chip kit v2 and an Ion PGM Sequencing 400 kit (Life Technologies), according to the respective manufacturer's protocols.
Development of the reference database.-For DNA barcoding, we built local and public reference databases from plant DNA sequences obtained in this study and from those in the EMBL nucleotide library, respectively. About 20 mg of plant tissues, collected from the study area, was used to extract plant DNA with the DNeasy Plant Mini Kit (Qiagen) following the manufacturer's protocol. The trnL (UAA) intron was amplified using primers c and h (Taberlet et al. 2007 ). PCR was performed in a final volume of 20 µl, including 1× AmpliTaq Gold 360 Master Mix (Applied Biosystems), 0.3 µM of each forward and reverse primer, and 5-10 ng of DNA extract, and the reaction conditions were those described by Taberlet et al. (2007) . PCR products were sequenced using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and an ABI 3130 automatic sequencer (Applied Biosystems). We extracted the P6 loop sequences from the trnL (UAA) intron sequences obtained and from the EMBL nucleotide library (release 125) using the program ecoPCR (available at http://www.grenoble.prabi.fr/ trac/ecoPCR) and built "local" and "public" sequence databases, respectively.
Sequence analysis and taxon assignation.-We only considered sequence reads with a perfect match on tags (i.e., barcode and barcode adaptor sequences). The Ion Torrent Suite Software (Life Technologies) trimmed the tags and sorted out sequences based on sample-specific tags. We analyzed the sequences using the programs TagCleaner (Schmieder et al. 2010) and PRINSEQ (Schmieder and Edwards 2011) in addition to using multiple programs from the OBITOOLS package (Boyer et al. 2016) . First, we trimmed the primer sequence using TagCleaner, where a maximum of 2 errors on the primers was allowed. Then, we discarded sequences with lengths out of the 10-150 bp range and those with a mean quality score < 25, and we output the sequences in FASTA format using PRINSEQ. We clustered identical sequences together using obiuniq program and discarded sequences with occurrence < 10 using obigrep program. We then used obiclean program to detect erroneous sequences by giving the status of head, singleton, or internal to each sequence (Boyer et al. 2016) . Internal corresponds to erroneous sequences derived from amplification or sequencing errors; therefore, we did not consider these sequences for subsequent taxon assignation. Taxon assignation was performed using the ecoTag program with the local and public sequence databases (Pegard et al. 2009 ). We discarded sequences with a best match score < 0.95 and a total number of counts < 1% of the most common sequence in each sample to avoid erroneous sequences (e.g., chimeric sequences and contamination) and to increase the accuracy of taxon assignation. We investigated the distribution of all the taxonomic identifiers (taxids) selected with the highest match score in local and public databases by referring to 3 references: Grubov (2001), Undarmaa et al. (2015) , and Virtual Guide to the Flora of Mongolia (http://greif.uni-greifswald. de/floragreif/). We discarded any taxa that were not distributed in southern Mongolia. If 2 or more taxa were assigned to a given sequence with the same match score, we assigned the sequence the lowest taxonomic level that included both taxa. Species or genus names were accepted if the best match score was ≥ 0.98, whereas a family name was accepted if the best score was ≥ 0.95 and < 0.98.
Data analysis.-Food composition was expressed as the frequency of occurrence (percentage of feces in which a plant taxon was detected) at the level of plant family and the level of molecular operational taxonomic units (MOTUs). We Colwell and Futuyma (1971) . The standardized index value ranges from 0 (minimum niche breadth) to 1 (maximum niche breadth). We estimated the extent of dietary overlap among 6 ungulates using Pianka's niche overlap index (Pianka 1973) , which ranges from 0 (no dietary overlap) to 1 (complete dietary overlap). These 2 indexes were calculated on the basis of the frequency of occurrence at the family level.
We assessed the differences in food composition at the family level between all pairs of 6 ungulates using Fisher's exact test (with the use of contingency tables), applying the Benjamini-Hochberg correction for multiple tests (Benjamini and Hochberg 1995) . Raw occurrence data were used and rare plant families, defined as those for which the total number of raw occurrences between the 2 comparative objects was < 5, were excluded from the food compositions in making the comparison. Rarefaction analyses were conducted using the program EstimateS 9.1.0 (Colwell 2013) to evaluate the effect of sample size on the detected number of plant families and MOTUs.
results
For the local sequence database, we collected 71 plants belonging to 53 species, 45 genera, and 23 families. Of the 71, 5 plants were identified only to the family level and 13 plants to the genus level due to uncertainties in the plant species identification. All the plant sequences were deposited in GenBank (accession numbers LC309022-LC309093).
We used 192 fecal samples for next generation sequencing (gazelle = 27, wild ass = 39, sheep = 31, goat = 39, horse = 24, and camel = 32). The Ion Torrent PGM system generated a total of 13.2 × 10 6 sequence reads. These were derived from 4 runs of 318 tips. After the filtering processes, 6,525,211 sequence reads (49% of the initial outcome) were retained for subsequent taxonomic assignation. The average number of sequence reads per sample was 33,985.
Taxonomic assignation identified 57 MOTUs at the species (18), genus (23), and family (16) levels ( Table 2 ). The number of MOTUs per sample ranged from 1 to 12 with an average of 4.6 (average number of MOTUs per sample: gazelle = 3, wild ass = 5.5, sheep = 5.4, goat = 5.3, horse = 4.6, and camel = 3.4).
Frequency of occurrence at the family level indicated that of the 25 families we detected, Poaceae and Fabaceae were frequently consumed by all 6 ungulates (Fig. 2) . The most frequently observed plant taxon was Ephedra for gazelles, Stipa for wild asses and horses, and Reaumuria soongarica for camels (Table 2 ). Sheep and goats showed similar food compositions and frequently consumed Stipa and Fabaceae (Table 2 ). Food compositions were significantly different between any pair of the 6 ungulates (P < 0.001), except between sheep and goats (P = 0.523).
High dietary diversity was observed for sheep (Levins' standardized index = 0.351) and goats (0.342), followed by wild asses (0.268), horses (0.246), camels (0.222), and gazelles (0.220). Gazelles and wild asses had relatively high dietary overlap values with sheep and goats, whereas wild asses had a higher overlap value with horses (Table 3) . Sheep and goats generally had high overlap values with all the ungulates. The highest overlap value was observed between sheep and goats, whereas the lowest value was observed between gazelles and camels (Table 3) .
Curves describing the cumulated numbers of plant families approximately reached asymptotes (Fig. 3a) , suggesting that additional sampling would not significantly affect the results, whereas those describing the cumulated numbers of MOTUs did not appear to show the same tendency toward asymptotes (Fig. 3b) , leaving open the possibility that additional sampling could reveal more MOTUs.
discussion
We successfully revealed food habits of sympatric wild and domestic ungulates that were more detailed than previous studies, in which only a few plant families were identified (CamposArceiz et al. 2004; Yoshihara et al. 2008 ). These detailed food compositions allowed us to reveal fine-scale dietary differences among sympatric ungulates in the desert steppe with a DNA barcoding approach. This approach required a comprehensive reference sequence database for accurate plant species identification. We used both local and public databases of the P6 loop sequences; these 2 databases were complementary to each other. Of the 71 plants in the local database, 24 were not registered in the public database, whereas the public database included some plant species consumed by ungulates that the local database did not include (e.g., Dontostemon integrifolius). Our local database still is far from complete, and further plant sampling is required to improve the comprehensiveness of this sequence database for the desert steppe of southern Mongolia.
With respect to the taxonomic assignation, not all plants could be identified to the species level (Table 2 ). This was not only due to the incompleteness of the reference databases but also the relatively weak resolution power of the P6 loop (Taberlet et al. 2007 ) within some plant families (e.g., Poaceae and Asteraceae). For instance, 3 Stipa species (S. glareosa, S. gobica, S. krylovii) in Poaceae had the same P6 loop sequence, resulting in identification to the genus level; different genera in Asteraceae (Ajania sp. and Artemisia sp.) also had the same sequence, resulting in identification only to the family level. Therefore, sequencing additional loci, such as the internal transcribed spacers of nuclear ribosomal DNA, is necessary to improve taxonomic resolution (Baamrane et al. 2012) .
Our study described dietary diversity at the level of plant families, but did not fully describe dietary diversity at the level of MOTUs. Not reaching an asymptote in the cumulated number of MOTUs may be related to the low number of MOTUs per sample. The average number of MOTUs per sample in our study (average = 4.6, range = 1-12) was much lower than those in other dietary studies of ungulates using DNA barcoding. Hibert et al. (2013) detected an average number of plant families per sample to be 24 (range = 11-34), whereas Raye et al. (2011) detected an average number of plant species per sample to be 21.8 (range = 5-38). The average number of plant taxa per sample is probably influenced by factors such as variations in plant communities across study sites and seasons, ecological characteristics of the ungulates studied, and filter settings for cleaning sequence reads. Another potential factor could be the DNA extraction protocol. Deagle et al. (2005) showed that DNA subsampled from different parts of the same fecal sample resulted in the detection of different food compositions. In this study, we collected fecal material from 1-3 pellets for DNA extraction. We think that using multiple pellets and homogenizing them for DNA extraction could help to increase the number of MOTUs per sample, hence, detect detailed dietary profiles with smaller sample sizes. Mongolian gazelles consumed Poaceae in low proportions; however, they consumed Ephedra and Convolvulus in high proportions. Although we should exercise caution when comparing the results from 2 different techniques (i.e., DNA barcoding and microhistological analysis- Soininen et al. 2009 ), our result was consistent with previous studies using microhistological analysis that found low proportions of graminoids and high proportions of forbs and shrubs consumed in eastern Mongolia during summer (Schaller 1998 ) and southern Mongolia during early winter (Campos-Arceiz et al. 2004 ). Consumption of low to modest amounts of graminoids has also been reported in other gazelle species such as the Tibetan gazelle (Harris and Miller 1995; Schaller 1998; Li et al. 2008 ) and goitered gazelle (Schaller 1998; Xu et al. 2012) . However, 2 studies reported that Mongolian gazelles consumed high amounts of graminoids during summer in Inner Mongolia, China (Jiang et al. 2002) , and southern Mongolia (Yoshihara et al. 2008 ). The differences in graminoid consumption among these studies may be due to different analytical methods, different vegetation compositions in the study habitats, or heterogeneous distributions of plants even in similar habitats. Our study revealed summer food habits; during winter, the consumption of graminoids may increase because highly nutritious plants become limited (Jiang et al. 2002; Xu et al. 2012) .
JOURNAL OF MAMMALOGY
Wild asses consumed mainly Poaceae, especially Stipa at 87%, a typical characteristic of grazer species (Hofmann and Stewart 1972) . Tibetan wild asses (or kiang, Equus kiang) in the Tibetan plateau also have been found to consume high amounts of graminoids during summer (Harris and Miller 1995; Schaller 1998 ; but see Shi et al. 2016) . The difference in food habits between the Mongolian and Tibetan wild asses is most evident in their consumption of shrubs. Wild asses in southern Mongolia consumed moderate amounts of shrubs (e.g., R. soongarica), but kiangs in the Tibetan plateau consumed shrubs only in small proportions. This difference is likely due to the greater availability of shrubs in the desert steppe of southern Mongolia than in the Tibetan plateau (Schaller 1998) . Kiangs and also horses, another grazer species in the Tibetan plateau, have been shown to maintain graminoid-dominant diets, with a high dietary similarity (Schaller 1998) . This relationship persisted in the desert steppe, where wild asses and horses consumed large amounts of Poaceae with moderate amounts of shrubs, leading to a high overlap value.
Sheep and goats showed a high dietary diversity consisting of various plants, mainly Poaceae and Fabaceae.
Their food compositions are probably influenced by herding practices (Harris and Miller 1995) because their movements are controlled by herders. Wingard et al. (2011) suggested that Mongolian nomadic herding practices have the potential to limit diet variability of livestock based on the finding that the number of key plant species in the diet of sheep and goats was lower than that of mountain sheep (argali, Ovis ammon). However, our study suggested that herding practices have the potential not only to limit but also expand dietary diversity. The dietary diversity is probably reflected by the vegetation diversity and conditions where herders guide their livestock.
Many studies have merged data from sheep and goats because both species are herded together, making it difficult to distinguish their feces (e.g., Campos-Arceiz et al. 2004; Yoshihara et al. 2008; Wingard et al. 2011) . Herein, we investigated their summer food habits separately. Although there were slight differences in their food compositions, such as the relative proportions of Poaceae and Rosaceae, treating the dietary data from sheep and goats in the same herd as a single category seems to be reasonable during summer, given the fact that their food compositions were not significantly different and the overlap value was the highest we found for any pair.
A stark contrast in food habits between camels and the other livestock was seen in the consumption of Stipa. Camels consumed low proportions of graminoids with no Stipa. Instead, they consumed high amounts of R. soongarica (shrubs) and Fabaceae (which include both shrubs and forbs), showing a browser characteristic. This result was comparable to a previous review of camel feeding behavior (Iqbal and Khan 2001) , which indicated that camels predominantly are browsers. Their shrub-dominant diets probably lead to relatively low overlap values between camels and the other ungulates.
In general, we found a wide range of overlap values (0.315-0.959) in the pairwise comparisons. Similarities in the digestive system or body size are likely to be related to similarities in diet (Bell 1970; Hofmann 1973; Jarman 1974) . Gazelles, sheep, goats, and camels are ruminants, whereas wild asses and horses are nonruminants, and this fact, along with similarities in body size, may explain the high overlap values between gazelles and sheep-goats and between wild asses and horses. In contrast, the low overlap value between wild ungulates (i.e., gazelles and wild asses) is likely due to the differences in their digestive systems (i.e., ruminant and nonruminant) and body size, which could be important in enabling these ungulates to live sympatrically in the desert steppe. In addition to body size and digestive system, high dietary diversity of sheep and goats may contribute to their generally high overlap values with all ungulates.
Given the high dietary diversity of sheep and goats and their overlap with wild species, their increasing number is a potential threat to the survival of wild ungulates through increased resource competition. Improving herding practices by creating nongrazing areas or controlling livestock numbers could be effective measures for protecting wild ungulates in the desert steppe. It should be noted that estimating the dietary overlap value alone does not quantify the actual extent of competition (Harris and Miller 1995) . However, revealing the detailed food habits of animals during a season when resources are high is essential for understanding fundamental ecological characteristics. To extend our findings, future work should address seasonal, annual, and regional variations in dietary overlap, as well as dietary analyses in relation to resource availability. A DNA barcoding approach via next generation sequencing can help to address these research questions.
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